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NASA TT F-10,441 

A STUDY OF THE RADIAL-AXIAL-FLOW TURBINE W I T H  LOW BLADE HEIGHTS 
AND LARGE CLEARANCES 

L. N.  Odivanov, A.  P. Tunakov 

ABSTRACT 

The radial-axial-f low t u r b i n e  with blades of varying 
h e i g h t s  i s  t e s t e d .  It is  found t h a t  e f f i c i e n c y  rises up 
t o  a c e r t a i n  blade height  ( i l  = 0.075) and e f f i c i e n c y  de- 
c reases  s l i g h t l y  with a f u r t h e r  i n c r e a s e  i n  b l ade  he igh t .  

I n  recent yea r s  a considerable  number of s t u d i e s  have appeared /133* 
on t h e  e f f e c t  of d i f f e r e n t  f a c t o r s  on the ope ra t ion  of radial-axial-f low 
( c e n t r i p e t a l )  t u r b i n e s ,  but  t h e i r  f i nd ings  are r a t h e r  incomplete, and i n  some 
cases even con t r ad ic to ry .  
s t a n t i a l l y  on t h e  n a t u r e  of t h e  experimental  t u rb ine .  

The r e s u l t s  of t h e  s t u d i e s  o f t e n  depend sub- 

I n  cons t ruc t ing  our experimental  t u r b i n e ,  t h e  b a s i s  used w a s  t h e  t u r b i n e  
from t h e  previously s tud ied  TKR-14 turbocompressor (Ref. 5 ) .  Its a c t u a l  
e f f i c i e n c y  during tests i n  a i r  d i d  n o t  exceed 0.65. 
our  previous work recommended t h e  following: 

To raise i t s  e f f i c i e n c y ,  

(1) Inc reas ing  t h e  ove r -a l l  d i ame t r i ca l  dimensions of t h e  c o l l e c t i o n  
chamber ; 

(2) Displacing t h e  b a f f l e  between t h e  two halves  of t h e  nozzle  box 
i n  t h e  d i r e c t i o n  of r o t a t i o n ;  

(3)  Eliminat ing s tagnant  wakes i n  t h e  c o l l e c t i o n  chamber; 

(4) Using modern aerodynamic shapes f o r  t h e  nozzle  blades which have 
low s e n s i t i v i t y  t o  a change i n  angle  of a t t a c k ;  

(5) Decreasing t h e  angle  of a t t a c k  a t  rotor-wheel i n l e t ;  t h i s  may b e  
done by decreasing angle  a1 and at t h e  same t i m e  r a i s i n g  t h e  he igh t  of t h e  
nozz le  b l ades  t o  keep t u r b i n e  discharge capac i ty  unchanged; 

(6) Reducing degree of r e a c t i o n  by en la rg ing  r o t o r  discharge area; 

(7) I n s t a l l i n g  a shaped s h i e l d  (coque) t o  e l imina te  sudden expansion 
a t  ex i t  from t h e  r o t o r  wheel; 

~~ ~ 

* Numbers i n  t h e  margin i n d i c a t e  paginat ion i n  t h e  o r i g i n a l  f o r e i g n  text.  
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(8) Increas ing  e x i t  angle  a2 of flow from t h e  t u r b i n e  and making 
t h e  o u t l e t  c l o s e r  t o  an a x i a l  one, p a r t i c u l a r l y  i n  t h e  pe r iphe ra l  p a r t ;  

(9) Improving deburring of t h e  r o t o r  wheels a f t e r  ca s t ing ,  p a r t i c u l a r l y  
around t h e  e x i t  edges; 

(10) Enlarging r a d i a l  c learance between t h e  nozzle  box and t h e  r o t o r  
wheel; 

(11) I n s t a l l i n g  thermal i n s u l a t i o n  between the  t u r b i n e  and bear ing body 
t o  decrease hea t  l o s s e s  t o  t h e  water coolant ;  and 

(12) Using a shaped end w a l l  i n  t h e  nozzle  box. 

Conditioning t h e  Turbine 

Some of t h e s e  recommendations were experimental ly  v e r i f i e d  when oper- 
a t i n g  t h e  tu rb ine  i n  cold a i r  with a pressure  drop of p /p 5 1.52. 
t h e  f i r s t  series of experiments, t h e  e f f e c t i v e  torque developed by t h e  
tu rb ine  w a s  measured from d e f l e c t i o n  of t h e  body of an e l e c t r i c  brake with 

I n  /134 
0 

Figure 1 

Diagram of Experimental Turbine 

1 - Bearing; 2 - Flex ib le  tube;  3 - Lever; 4 - 18-kw genera tor ;  
5 - Reducer; 6 - Floa t ing  c o l l a r ;  7 - Support; 8 - Bearing; 9 - Re- 
ce ive r :  10 - Nozzle blade cascade; 11 - Air-pressure meter;  1 2  - Rotor 
wheel; 1 3  - Exhaust duc t ;  14  - Sta t ionary  sh ie ld ing ;  15 - r p m  pickup. 
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Figure 2 

Diagram of Turbine Blading a t  Various Blade Heights 

a reducing gear .  I n t e r n a l  t u rb ine  torque w a s  a sce r t a ined  as t h e  sum of t h e  
e f f e c t i v e  torque and f r i c t i o n a l  moment i n  t h e  bear ings.  
by measuring f r i c t i o n a l  moment while  s p e c i a l l y  cranking t h e  s h a f t  with a weight 

The la t te r  w a s  found 

I i n s t e a d  of t h e  tu rb ine  r o t o r  wheel. 

At low b lade  h e i g h t s ,  tests of which we  were t o  conduct later,  t h e  
t u r b i n e ' s  i n t e r n a l  power had t o  be appreciably reduced and had t o  be commen- 
s u r a b l e  wi th  f r i c t i o n  fo rce  i n  t h e  bearings; otherwise measuremental e r r o r  
would have r i s e n .  

~ 
Therefore ,  t h e  running p a r t  of the t u r b i n e  w a s  recons t ruc ted  f o r  in-  

d i r e c t l y  measuring t h e  i n t e r n a l  moment. 

A ske tch  of t h i s  vers ion  of t h e  experimental  t u rb ine  wi th  the  braking 
appara tus  is  shown i n  Figure 1. 

~ 

I 

The s l i d i n g  bear ings  of t h e  turb ine  wi th  t h e i r  f l o a t i n g  c o l l a r s  6 are 
mounted i n  t h e  sepa ra t e  support  7, which may move back and f o r t h  s l i g h t l y  
r e l a t i v e  t o  t h e  axis of r o t a t i o n  on r o l l e r  bear ing  8. 
r i g i d l y  connected by means of reducer housing 5 t o  genera tor  housing 4 ,  t h e  
rear s e c t i o n  of which i s  mounted on r o l l e r  bear ing 1. 
support  and t h e  housings of reducer and genera tor  may thus  swing on two r o l l e r  
bea r ings ;  t h i s  permit ted measurement of t h e  r e a c t i v e  torque on them, t h i s  t o r -  
que be ing  equal  t o  i n t e r n a l  moment of the turb ine .  
w a s  measured on d i a l  scales by means of l e v e r  3.  

Thrust  bear ing 7 i s  

The tu rb ine  bear ing 

The p u l l  from t h e  torque 
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Figure 3 
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C h a r a c t e r i s t i c  of Turbine with Shaped End Wall i n  Nozzle Box 

The t a b l e  g ives  r e s u l t s  of condi t ioning t h e  tu rb ine .  

Number i n  
o rde r  

A l t e ra t ions  t o  
tu rb ine  

Or ig ina l  t u rb ine  

New nozz le  box 

Toroidal  r ece ive r  

a / t  reduced 

Height of nozzle  
b lades  reduced 

Shaped nozzle  box 
w a l l  

and s h i e l d  

5 
a’t 1 (roughly) 

16.5 

16.5 

16.5 

16.5 

10.5 

10.5 

0.65 

0.72 

0.76 
-- 

-- 

-- 

‘1 /135 

0.71 

0.79 

0.84 

0.813 

0.83 

0.87 
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Figure 4 

Dependence of I n t e r n a l  Eff ic iency of Turbine on u l / c  a t  ad 
Di f f e ren t  Blade Heights 
(A-&tpl= i# ,  O--d:pa= 
= 1,s. 0 -Pp;/P,= 1,w. 

._ .. 
-=Tu? 

The t u r b i n e  of a TKR-14 turbo-compressor with a r o t o r  wheel diameter of 
d l  = 140 mm wi th  no a l t e r a t i o n s  w a s  used as t h e  i n i t i a l  ve r s ion  (1). 
Angle a1 i n  t h e  t u r b i n e  wi th  t h e  new nozzle box (2) w a s  appreciably reduced, s o  
t h a t  a t  t h e  inpu t  t o  t h e  r o t o r  wheel, under peak e f f i c i e n c y  cond i t ions ,  t h e r e  
w e r e  s m a l l  p o s i t i v e  angles  of a t t a c k .  
unchanged. 
f low-rate  through t h e  t u r b i n e ,  and l ikewise enlarged angle  a2. 

Height of r o t o r  wheel blades remained 
This l e d  t o  a s u b s t a n t i a l  decrease i n  degree of r e a c t i o n  and a i r  

Figure 2 shows 
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t h e  contour used f o r  t h e  nozzle blades.  
angle;  t h e r e f o r e ,  h a l f  of them operated a t  l a r g e  a t t a c k  angles  (up t o  60O). 
Nevertheless,  t h i s  a l t e r a t i o n  increased i n t e r n a l  e f f i c i e n c y  of t h e  t u r b i n e  by 
8%. 

A l l  t h e  b l ades  had t h e  s a m e  e n t r y  

I n  t h e  next t u r b i n e  a l t e r a t i o n  ( 3 ) ,  t h e  c o l l e c t i o n  chamber w a s  re- 
placed by a t o r o i d a l  r e c e i v e r  of increased diameter.  In s t ead  of a s h i e l d ,  a 
s t a t i o n a r y  cowling w a s  i n s t a l l e d  a t  the r o t o r  wheel discharge,  making i t  pos- 
s i b l e  t o  e l i m i n a t e  sudden expansion of t h e  flow. 
i n t e r n a l  e f f i c i e n c y  of t h e  t u r b i n e  by 5%. 

These improvements r a i s e d  

It w a s  decided t o  reduce ang le  a1 a b i t  more by changing t h e  an- /136 

This angle  
g l e  a t  which t h e  nozzle  blades were se t ,  b u t  t h i s  proved t o  be  a mistake 
and l e d  t o  an approximately 2.5% reduct ion i n  t u r b i n e  e f f i c i e n c y .  
w a s  subsequently again increased ( i n  experiments w i th  lower b l ade  h e i g h t  and 
shaped w a l l ) .  

The next  a l t e r a t i o n  of t h e  t u r b i n e  ( 5 ) ,  reduced t h e  height  of nozzle  
b l ades  and moving blades,  while r e t a i n i n g  t h e  r a t i o  of t h e  areas which were 
normal t o  t h e  flow a t  the r o t o r  wheel inpu t  and output .  
he igh t  r e s u l t e d  i n  reducing t h e  curvature  of t h e  end w a l l ,  t h e  mean diameter a t  
t h e  output  of t h e  wheel, and i n  inc reas ing  t h e  average B2 angle.  

Decreasing the b lade  

This  r a i s e d  t u r b i n e  e f f i c i e n c y  by 1.5%. 

I n  t h e  las t  a l t e r a t i o n  ( 6 ) ,  t h e  t u r b i n e  wheel w a s  l e f t  unchanged, 
b u t  one of the end w a l l s  i n  t h e  nozzle  box w a s  replaced by a shaped w a l l  i n  
conformity with t h e  recommendations of ME1 (Moscow Power-Engineering I n s t i t u t e )  
(Ref. 2 ) .  Its contour is  shown in  Figure 2b. The f i n d i n g s  of t h e  Moscow Pow- 
er-Engineering I n s t i t u t e  i n d i c a t e  t h a t  t h e  shaped w a l l  reduces l o s s e s  i n  t h e  
nozz le  box from 5.1% t o  2.5%. The e f f e c t  of t h e  shaped w a l l  i s  obviously n o t  
r e s t r i c t e d  t o  t h i s .  It a l s o  must improve uniformity of flow a t  t h e  inpu t  of  
t h e  r o t o r  wheel, e s p e c i a l l y  around t h e  end w a l l s ,  and, consequently,  must re- 
duce l o s s e s  i n  t h e  r o t o r  wheel. Therefore,  t u r b i n e  e f f i c i e n c y  must be r a i s e d  
t o  a g r e a t e r  degree than  simply reducing l o s s e s  i n  t h e  nozzle box. 
t u r b i n e  there w a s  a 4% rise i n  e f f i c i ency .  

I n  our  

F igu re  3 g ives  t h e  c h a r a c t e r i s t i c s  of a t u r b i n e  w i t h  a shaped wa11./137 
For purposes of comparison, t h e  broken l i n e s  denote t h e  c h a r a c t e r i s t i c s  of 
a f l a t -wa l l ed  t u r b i n e  wi th  t h e  same blade he igh t .  With a s l i g h t  change i n  
p r e s s u r e  r a t i o ,  t h e  e f f i c i e n c y  and degree of r e a c t i o n  hardly va r i ed .  
w a l l  r e s u l t e d  i n  a p e r c e p t i b l e  inc rease  i n  de l ive red  flow through t h e  t u r b i n e ,  
which may b e  explained by an i n c r e a s e  i n  ang le  a1 and flow c o e f f i c i e n t  of t h e  
nozz le  box. The degree of r e a c t i o n  a l s o  increased s l i g h t l y .  

The shaped 

The r e s u l t  produced by conditioning t h e  t u r b i n e  w a s  t o  succeed i n  r a i s i n g  
e f f i c i e n c y  by 16% and b r ing ing  i t  t o  87%, d e s p i t e  t h e  s m a l l  s i z e  of t h e  tu rb ine .  
It should,  however, be  borne i n  mind t h a t  t h e s e  r e s u l t s  were obtained on an 
experimental  machine, whose r ece ive r  shape and exhaust duct are l i t t l e  s u i t e d  
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Figure 5 

Diagrams of Turbine Losses 

(l) -  dl tout; (2) - <disk 

I139 

t o  p r a c t i c a l  use. 

I n v e s t i g a t i n g  t h e  Ef fec t  of Blade Height 

Reduction of b l ade  h e i g h t  i n  axial-flow t u r b i n e s  as a r u l e  l e a d s  t o  
reduced e f f i c i e n c y .  This is  r e l a t e d  t o  t h e  increased percentage of t i p  l o s s e s  
and leakage l o s s e s  i n  t u r b i n e  b l ade  cascades. 
acquainted with on r a d i a l - a x i a l  flow tu rb ines  con ta ins  very few papers on t h i s  
s u b j e c t .  W e  know of a paper (Ref. 1) which g ives  an approximate examination 
of t h e  e f f e c t  of b l ade  he igh t  on nozzle cascade e f f i c i e n c y  i n  radial-f low t u r -  
b ines .  Zaryankin (Ref. 3) computes t i p  l o s s e s  i n  nozzle  b l ade  cascades on 
t h e  b a s i s  of t h e  dimension theory.  
i n  t h e  r o t o r  wheel on t u r b i n e  operat ion has no t  been s tud ied  a t  a l l ,  nor are 
t h e r e  recommendations regarding t h e  e f f e c t  of b l ade  he igh t  i n  t h e  design of 
r a d i a l - a x i a l  flow tu rb ines .  

The l i t e r a t u r e  which w e  are 

The problem of t h e  e f f e c t  of b l ade  h e i g h t  

Experimental work on t h e  radial-axial-flow ( c e n t r i p e t a l )  t u r b i n e  has  
been pursued t o  eva lua te  t h e  e f f e c t  of b l ade  he igh t  on e f f i c i e n c y .  

The tests were conducted a t  fou r  blade he igh t s .  Relative blade he igh t  

Blade h e i g h t  

( t h e  r a t i o  of t h e  he igh t  of t h e  annular channel a t  the r o t o r  wheel i npu t  

t o  i t s  diameter)  = &L w a s  0.118, 0.075, 0.050, and 0.0286. 
d l  

7 
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Figure 6 

Turbine C h a r a c t e r i s t i c  as a Function of Blade Height 
(l) - coutput; (2) - cdj,,k; (3) - ul/cad 

w a s  reduced by trimming. Turbine blading a t  maximum b lade  he igh t  is  shown 
i n  F igu re  2a by t h e  s o l i d  l i n e s .  
h a u s t  d u c t  are rendered by t h e  broken l i n e s .  
r o t o r  wheel blades and t h e  housing w a s  approximately 0.5 mm i n  a l l  tests. 

A t  the  lower h e i g h t s ,  t h e  w a l l s  of t h e  ex- 
The r a d i a l  c l ea rance  between t h e  

The tests were made a t  t h r e e  p re s su re  r a t i o s ,  pg/p,, of 1.48, 1.35, and 
1.24. 

F igu re  4 gives  t h e  r e l a t i o n s h i p s  of t u r b i n e  i n t e r n a l  e f f i c i e n c y  P t o  i 
a t  t h e  d i f f e r e n t  b l ade  he igh t s .  E f f i c i ency  was p r a c t i c a l l y  independent u1 "ad 

of p r e s s u r e  r a t i o  a t  a l l  fou r  relative blade h e i g h t s .  
r a t i o  w a s  0.62-0.7. A l l  curves had t h e  appearance which i s  customary i n  r a d i a l -  
axial-f low t u r b i n e s .  

The optimum ul/cad 

M a x i m u m  e f f i c i e n c y  i n  t h e s e  tests v a r i e d  from 0.83 t o  0.71. 

F i g u r e  5 shows t h e  dependence of l o s s  d i s t r i b u t i o n  i n  t h e  t u r b i n e  a t  
the d i f f e r e n t  b l ade  h e i g h t s  on ul/cad. 

It fol lows from t h e  graphs t h a t  t he  percentage of l o s s  i n  t h e  nozzle  
boxes dropped as u l / c  
n o z z l e s  because of t h e  t u r b i n e ' s  increased degree of r e a c t i o n .  A s  b lade  he igh t  

rose;  t h i s  w a s  r e l a t e d  t o  reduced h e a t  t r a n s f e r  i n  t h e  
ad 
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went down, t h e  l o s s e s  i n  t h e  nozz le  box went up because of t h e  rise i n  
percentage of t i p  l o s s e s .  The proportion of d i s k  f r i c t i o n  l o s s e s  grew f o r  
two reasons as b l ade  he igh t  decreased. F i r s t ,  because of decreased a i r  /138 
flow through t h e  t u r b i n e ,  and, secondly, because of enlarged f r i c t i o n  sur-  
f a c e  on t h e  discharge w a l l .  

A s  i s  evident from t h e  graphs,  the l o s s e s  i n  t h e  r o t o r  wheel, t a k i n g  
i n t o  account t h e  l o s s e s  through t h e  r a d i a l  c l ea rance  between t h e  r o t o r  wheel 
and t h e  housing a t  a l l  b l ade  h e i g h t s  were minimum a t  u l / c  % 0.65-0.7. ad 

Rotor wheel v e l o c i t y  c o e f f i c i e n t  J, w a s  f i gu red  f o r  relative b lade  he igh t  
R1 = 0.075. The maximum r o t o r  wheel v e l o c i t y  c o e f f i c i e n t  of 0.78 w a s  obtained 

a t  t h e  p o s i t i v e  a t t a c k  angle  i % 30". 
f a c t  (Ref. 7) t h a t  v e l o c i t y  c o e f f i c i e n t  J, usua l ly  reaches i t s  maximum a t  
p o s i t i v e  attack angles.  
w e r e  obtained a t  R1 % 0.05, and comprised about 5% of t h e  t o t a l  h e a t  drop. 
f i r s t  glance,  i t  seems t h a t  a t  g r e a t  blade he igh t  t h e  l o s s e s  i n  t h e  r o t o r  
wheel should be  t h e  least ,  s i n c e  -- as b lade  he igh t  rises -- t h e  p o r t i o n  com- 
p r i s e d  by t i p  l o s s e s  wi th in  t h e  t o t a l  l o s s e s  grows smaller. The e x i s t e n c e  of 
an optimum may be  a t t r i b u t e d  t o  t h e  opposi te  e f f e c t  exer ted on t o t a l  r o t o r  
wheel l o s s e s  by t i p  l o s s e s ,  on t h e  one hand, and by l o s s e s  i n  flow d e f l e c t i o n ,  
on t h e  o t h e r  hand (flow d e f l e c t i o n  occurs both i n  t h e  meridian plane and i n  
t h e  c i r c u m f e r e n t i a l  d i r e c t i o n ) .  Losses i n  flow d e f l e c t i o n  are known t o  de- 
crease as smoothness of d e f l e c t i o n  inc reases ,  i .e . ,  as t h e  r a t i o  of hydrau l i c  
diameter t o  average d e f l e c t i o n  r a d i u s  becomes smaller. 
h e i g h t s  t h e  l o s s e s  i n  flow d e f l e c t i o n  a r e  reduced. 
t h i s  have a c e r t a i n  mimimum i n  t h e  given case when xl % 0.05. 

This corroborates  t h e  previously known 

Minimum l o s s e s  i n  t h e  wheel as b l ade  he igh t  changed 
A t  

Therefore,  a t  low b lade  
T o t a l  l o s s e s  r e s u l t i n g  from 

Figure 6 shows how l o s s  d i s t r i b u t i o n ,  r e a c t i o n  degree p ,  and r a t i o  of 
d e l i v e r e d  flow t o  re la t ive blade height  depend on relative b lade  he igh t  when 
U1/cad = 0.65. 

R a t i o  of de l ive red  a i r  flow t o  relative b lade  h e i g h t ,  Gw 1140 
P$ ii, 

dec reases  a t  low b lade  he igh t s ;  t h e  explanat ion f o r  t h i s  i s  t h e  increased 
degree of r eac t ion .  

E f f e c t  of Radial  Clearance on Turbine Ef f i c i ency  

A number of s t u d i e s  have been devoted t o  t h e  e f f e c t  of t h e  r a d i a l  clear- 
ante -- i . e . ,  t h e  c l ea rance  between the  r o t o r  wheel blades and t h e  housing -- 
on t h e  ope ra t ion  of t h e  radial-axial-flow tu rb ine .  

The e f f e c t  of t h e  r a d i a l  c learance w a s  f i r s t  s tud ied  i n  a paper by 
The research w a s  conducted on an a i r  t u r b i n e  by A .  Ye.  Kovalevskaya (Ref. 4 ) .  

a method of trimming t h e  r o t o r  blading. 
r a d i a l  (elG < 90"). 
ance w i t h i n  wide l i m i t s  (without changing t h e  r a d i a l  discharge clearance)  had 

Input  i n t o  t h e  r o t o r  wheel w a s  non- 
The test r e s u l t s  showed t h a t  varying t h e  axial inpu t  clear- 

9 
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Figure 8 

Dependence of Turbine Eff ic iency on Average Relative Radial 
Clearance 

p r a c t i c a l l y  no e f f e c t  on t u r b i n e  e f f i c i ency .  
t h e  whole r a d i a l  c learance by 1% l e d  t o  an e f f i c i e n c y  drop of 1 t o  1.5%. 

Simultaneous enlargement of 

Rozenberg e t  a l .  (Ref. 7) ca l cu la t ed  t h e  e f f i c i e n c y  l o s s  when inc reas ing  
t h e  r a d i a l  c l ea rance  by using t h e  empir ical  formula 

where 6 i s  average r a d i a l  c learance,  and 

-- average b l ade  height .  av R' 

Valdenazzi ' s  a r t i c l e  (Ref. 8) makes an at tempt  t h e o r e t i c a l l y  t o  de t e r -  
A number of rough assumptions were made 

For example, i t  was assumed t h a t  a l l  
mine l o s s e s  i n  t h e  r a d i a l  c learance.  
when d e r i v i n g  t h e  formula he proposes, 
t h e  energy of t h e  f l u i d  flowing through t h e  r a d i a l  c l ea rance  i n t o  t h e  ad jacen t  
channel  is l o s t .  

des ign  on degree of c l ea rance  l o s s e s .  

The formula w a s  n o t  experimentally v e r i f i e d .  

A c e r t a i n  c o n t r a d i c t i o n  i n  r e s u l t s  i n d i c a t e s  t h e  e f f e c t  of r o t o r  wheel 

11 



, 
Turbines with v a r i o u s  r a d i a l  c learances were t e s t e d  i n  o rde r  t o  amass 

I experimental  data .  The c l ea rance  e f f e c t  w a s  examined a t  a re la t ive b lade  
height  of i l  = 0.075. 

The r a d i a l  c l ea rance  was changed by trimming t h e  r o t o r  wheel blading. 
Tests were f i r s t  c a r r i e d  out  by changing t h e  inpu t  r a d i a l  c learance 6 1  (Figure 
7 ) .  The r o t o r  wheel w a s  trimmed i n  accordance wi th  t h e  same p a t t e r n  used when 
t h e  wheel w a s  f a b r i c a t e d  t o  g ive  t h e  minimum c lea rance  wi th  t h e  housing. Here 
discharge r a d i a l  c l ea rance  6 2  remained constant .  Its relative value w a s  

The second group of tests w a s  conducted with a constant  m a x i m u m  clear- 
ance 61  and wi th  a v a r i a b l e  c learance 6 2 .  H e r e  t h e  r e l a t i v e  value = 6 1  

21 

w a s  0.39. Measurements showed t h a t  with t h e  minimum clearances t h e  p re s su re  
d i s t r i b u t i o n  along t h e  p i t c h  of t h e  nozzle box w a s  customary on both s i d e s  
( i . e . ,  t h e r e  w a s  a p re s su re  minimum i n  t h e  wake of t h e  nozz le  blade edge and 

m a x i m u m  i n  t h e  c e n t e r  of t h e  nozzle  channel). A s  c lea rance  became l a r g e r ,  
t h e  n a t u r e  of p re s su re  d i s t r i b u t i o n  on t h e  discharge w a l l  changed: P res su re  
became equal ized because of v o r t i c i t y  i n  t h e  c l ea rance  region.  
s u r e  on both w a l l s  w a s  p r a c t i c a l l y  t h e  same. 

/142 

Average pres- 

The traverse n a t u r e  of t h e  flow a t  t h e  t u r b i n e  o u t l e t  showed t h a t  flow 
o u t l e t  ang le  a2 and de l ive red  o u t l e t  v e l o c i t y  A2 r o s e  sha rp ly  i n  t h e  region of 
t h e  c l ea rance  as t h e  c l ea rance  grew l a r g e r .  The explanat ion f o r  t h i s  l i es  i n  
t h e  f a c t  t h a t  -- as t h e  c l ea rance  g e t s  l a r g e r  -- t h e  a i r  on t h e  per iphery 
d e l i v e r s  less of i t s  energy t o  t h e  r o t o r  wheel blading. 

F igu re  7 shows t h e  t u r b i n e  c h a r a c t e r i s t i c s  a t  d i f f e r e n t  r a d i a l  clear- 

A 33% i nc rease  i n  re la t ive c l ea rance  81 r e s u l t e d  i n  a 
ances.  
proved t o  be l i n e a r .  
relative e f f i c i e n c y  drop, 

r o s e  from 0.045 t o  0.07 (with u l / ca  
p r a c t i c a l l y  no change i n  discharge Posses a t  low va lues  of ul /cad (around 0 . 4 )  
as t h e  c l ea rance  increased.  

The dependence of maximum e f f i c i e n c y  on v a r i a t i o n  i n  c learance 6 1  

“i , of 12.7%. Discharge-loss c o e f f i c i e n t  5 d i s  

A s  t h e  graph shows, t h e r e  w a s  “i = 0.65). 

A s  c lea rance  62 grew l a r g e r ,  e f f i c i e n c y  ni f e l l  i n  a c u r v i l i n e a r  de- 
pendence. A t  t h e  same t i m e ,  t h e  discharge l o s s e s  became g r e a t e r .  Therefore,  
t h e  curves showing t h e  v a r i a t i o n  i n  i n t e r n a l  e f f i c i e n c y  rl* 

parameters  proved t o  be  more gen t ly  s loping than  t h e  same curves f o r  
i n  t h e  r e t a rded  i 

i’ 
/143 Dependence of i n t e r n a l  e f f i c i e n c y  on average relative clearance - 

- 61 + 6 2  

E 1  + E 3  
6 =  

good approximation of a s t r a i g h t  l i n e .  Exprapolation of t h i s  l i n e  t o  3 = 0 
g i v e s  a nominal e f f i c i e n c y  v a l u e  of 0.876 when t h e r e  is  no c l ea rance ,  i . e . ,  

is shown i n  Figure 8. When 3 < 0.2, t h e  d a t a  p o i n t s  g ive  a 

1 2  



= 0.876. "i (6 = 01 The dependence of rl on b obeys t h e  equat ion i 
I 

' I1 z- 0,876 -- 1,Og: 
' 

o r  
- 

I '1 - =  ?1/Tl, ,acot == (1 - 1,24%). 

The dependence of 6 on b i s  p lo t t ed  i n  Figure 8. Here t h e  broken l i n e  
i n d i c a t e s  t h e  analogous r e l a t i o n s h i p  according t o  Rozenberg (Ref. 6 ) .  

A s  t h e  graph makes ev ident ,  t he  curves are i d e n t i c a l  i n  na tu re ,  bu t  t h e  
length  of t h e i r  r e c t i l i n e a r  segment i s  d i f f e r e n t :  
our f ind ings  t ake  t h i s  segment t o  b < 0.2. 

Rozenberg's goes t o  \< 0.04; 

The explanat ion f o r  t h i s  incongruence i n  t h e  r e s u l t s  l i e s  i n  t h e  f a c t  
t h a t  our  t u r b i n e  w a s  more e f f i c i e n t .  
l a r g e r ,  t u r b i n e  e f f i c i e n c y  f a l l s  off  t o  a c e r t a i n  minimum value ,  a f t e r  which 
t h e r e  i s  no more change. There w a s  i n  add i t ion ,  of course,  t h e  e f f e c t  exer ted  
by d i f f e r e n c e  i n  tu rb ine  design. 

Obviously, as r a d i a l  c learance  grows 

Conclusions 

Tes t ing  a radial-axial-f low turb ine  wi th  b lades  of varying he igh t s  
demonstrated t h e  f a c t  t h a t  e f f i c i e n c y  rises up t o  a c e r t a i n  l i m i t i n g  b lade  
he ight  ( i n  our t u r b i n e  i ,  = 0.075). 
t u r e ,  which causes increased  lo s ses  i n  flow d e f l e c t i o n ,  a s l i g h t  drop i n  e f f i -  
ciency may set i n  when b lade  he ight  i s  f u r t h e r  increased .  The e f f i c i e n c y  drop 
a t  low b lade  he igh t s  r e s u l t s  fundamentally from increased  d i s k  l o s s e s  and l o s s e s  
i n  t h e  nozzles .  As f e l l  from 0.118 t o  0.0286, d i s k  l o s s e s  rose  from 2 t o  
9%, and l o s s e s  i n  t h e  nozzle  box from 2.2 t o  5%. Losses i n  t h e  r o t o r  wheel are 
minimum at x, 9 0.05. 

increment of 4%. 

Because of t h e  inc rease  i n  end w a l l  curva- 

Shaping t h e  end w a l l  of t h e  nozzle of t h e  nozzle  box gave an e f f i c i e n c y  

Improvement of t h e  tu rb ine  blading thus  r a i s e d  e f f i c i e n c y  from 0.71 t o  
0.87. 

I n  radial-axial-f low tu rb ines  t h e  l o s s e s  due t o  t h e  r a d i a l  c learance  be- 
tween r o t o r  wheel b lad ing  and t h e  housing are 1-1.5% p e r  each percent  of in-  
crease i n  relative clearance.  This i s  s u b s t a n t i a l l y  less than t h e  same l o s s e s  
i n  axial-f low tu rb ines  with unshrouded moving blades (1.4 t o  2.8% of l o s s e s  p e r  
each percent  of r a d i a l  c learance) .  Increase i n  r a d i a l  c learance  l eads  t o  in-  
c r eased  d ischarge  l o s s e s ,  bu t  wi th  low u l /cad  va lues  t h e r e  i s  a smaller in-  
crease i n  d ischarge  l o s s e s .  A s  r a d i a l  c learance  inc reases ,  flow d i scon t inu i ty  
a t  r o t o r  wheel d i scharge  a l s o  increases .  
r a d i a l  c l ea rance ,  t h e  f e a s i b i l i t y  of increas ing  angle  a2 must be considered. 

I 

I n  designing a t u r b i n e  with a l a r g e  
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